the mutant increased the recovery rates as they promoted the frameshift repair. Based on these data, we hypothesized a molecular model for frameshift repair referred to as by mRNA surveillance by PTCs signaling, edited by RNA editing and used to direct recombination. In addition, this mechanism also serve as a driving force for molecular 2 0 evolution and the widespread presence of frameshift homologs within and across 2 1 species is considered as evolutionary evidences preserved in nature.
OE-PCR. Competent cells of Escherichia coli strain DH5α was transformed with
1 pBR322-(bla-), propagated in TCB, and the transformed bacteria were plated on a 2 TCP to count the total number of bacteria and plated on ACPs to screen for revertants.
3
The screened revertants were picked and propagated in ACB at 37°C with 200 rpm 4 shaking and with 1 mL of overnight seed culture in 10 mL ACB, their plasmids DNA 5 were extracted and their bla genes were Sanger sequenced. The recovery rate was 6 calculated by the number of revertants divided by the total number of bacteria. The
number of bacteria. The growth rates were evaluated by the duration to reach the later 1 log phase by culturing at 37°C with 200 rpm shaking and with 1 mL of overnight seed 2 culture in 10 mL ACB. 
Genomes resequencing and variation analysis of the E. coli strains 4
Genomic DNA samples were extracted from wild-type (bla+) and revertant (bla* 
to 24 hrs. to reach the late log phase, while it took the revertants up to 36 to 48 hrs. to 1 grow, and many of the revertants failed to grow in ACB.
2
Hitherto, it seems that there is nothing unusual, since reverse mutations are very 3 common phenomenon. Both forward and reverse mutation have been explained by 4 random mutagenesis ( Fig 3A) : in DNA replication, natural or induced mutations occur 5 randomly, forward mutations cause defective mutants or a loss-of-function, and 6 reverse mutations restore the wild-type phenotype. In the above tests, the revertants 7 survived only because they were 'lucky': their bla-gene coincidently restored by a 8 reverse mutation, while most of the other bacteria died without a back mutation. The model for reverse mutation based on random mutagenesis sounds faultless.
1
However, in a 'thought experiment', we noticed that the model is indeed inconsistent:
(1) in the model, a bacterium survived if its defective bla gene was restored through ampicillin, a reverse mutation must have already occurred in a cell before the adding which is comparable to the baseline forward mutation rate; in BL21, however, it 2 7
reaches up to 1.19×10 -7 , which is ~10-fold higher than the baseline.
8
Therefore, it is rather suspectable that biology relies on random mutagenesis, a 2 9
simple but uncertain strategy, to address this important issue. It is more likely that a of a wild type (bla+) and a revertant (bla*) were sequenced by 2 nd NGS sequencing.
6
As shown in Fig 4C-4D , Table 2 -3, the SNP/InDel levels of the tested revertant is not 7 higher but even lower than that of the wild-type, suggesting that the genome of the 8 revertant was not more variable than that of the wild-type strain, suggesting that the 9 proofreading/mismatch repair system of the revertant was not defective and it adopted 1 0 a stringent strategy in DNA replication. Therefore, the high level of variants observed
in the bla genes of the revertants is not a result of whole-genome random mutagenesis,
but an active gene repair targeting specifically to the bla gene.
3
In addition, genome structures analysis shows that there are quite some structure
variations (SVs) in both two genomes tested (Fig 4E) . However, most of the SVs size in 100~200 bp, which equals approximately to the length of the reads, therefore, they
were considered as falsely-mapped reads rather than true structure variations. As well can only in a translating nonsense mRNA.
7
We conducted an in-depth survey of previous studies that covered a wide range of 8 prokaryotic and eukaryotic organisms. We put these fragmentary evidences together 9 by presuming that the underlying mechanism of frameshift repair is highly conserved three interacting proteins, UPF1, UPF2 (also known as NMD2) and UPF3, which were encoded by highly conserved genes originally identified in yeast [26, 27] . In addition to NMD, nonsense mRNAs are also subject to other mRNA processing 2 6
pathways, including nonsense-mediated alternative splicing, nonsense-mediated
translational repression or nonsense-mediated transcriptional silencing.
8
(2). RNA editing: as described in the above, nonsense mRNAs must be involved in 2 9
the recognition and repair of the frameshift mutation. Since a nonsense mRNA by that sometimes nonsense mRNAs are subjected to RNA editing instead of NMD. the mutagenesis (Fig 4A-4B ). This phenomenon can be explained by the PTCs in only signal the recognition of nonsense mRNA but serve as flags for RNA editing.
4
Therefore, the frameshifted gene might be repaired through editing the nonsense nonsense mRNAs by PTC signaling, but it might be impossible to locate the site editing will also be restricted in the right regions in the target coding sequence. each of them into an appropriate amino acid [37] [38] [39] [40] [41] . If the target gene is essential, a cell survives if and only if it obtained an mRNA encodes a functional protein.
7
By transcription, each copy of the target gene produces many copies of nonsense 2 8 mRNAs, and thus, the probability of producing a functional protein by mRNA 2 9
editing is significantly better than that of random mutagenesis in its coding DNA. and display the revertants (the result of repair). aim of NMGE is to eliminate the PTCs. In the frameshifts, there were many
PTCs in the bla mRNAs, the probability of producing a functional product by 1 6 mRNA editing is very low, so that their growth rate is very slow and their
survival rate is very low, as most of them died before their bla were repaired. study further demonstrated that it is the PTCs that signaled the frameshift repair.
8
Frameshift mutations occurred in a coding gene are repaired through NMGE,
resulting in a variety of frameshift homologs. Therefore, the widespread presence of DH5α, but much higher and more stable in BL21. We performed statistics analysis on . When an ss-, as-or ds-DNA oligo was added, f r increased compared
with the control groups. f r increased 1~2 fold in ss-DNA group, 3~6 fold in as-DNA 1 7
group and 2~4 fold in ds-DNA group. These data are consistent with previous studies 1 8
reported that both as-and ss-DNA can induce DNA-directed targeted gene repair [68] .
9
Wild-type (WT) ss-RNA caused 0.5-fold decrease of f r . Surprisingly, however, the in asRNA group, probably due to asRNA can silence the transcripts and result in the For each group, more than one hundred repaired bla genes were sequenced. The Sanger diagram showed that a designed base was inserted into the repaired bla gene in 2 6
both the ssDNA ( Fig 7C) and the ssRNA group (Fig 7D) . In the ssDNA or ssRNA
group, the type of the insertion base is mostly consistent with the designed type, and 2 8
the insertion was located exactly at the site of deletion; in the control group, however, of DH5α (recA-). However, the DNA-or RNA-induced recovery rates were increased 5 both in BL21 and DH5α, suggesting that homologous recombination is not the only 6 pathway responsible for frameshift repair. In all DNA, RNA and control groups, 7 G:C→A:T substitutions were often observed in the repaired bla ( Fig 7B) ; in addition,
8
in the ssRNA group, not only G:C→A:T substitutions were often observed, but also a 9 ssRNA designed with an G→A substitution efficiently introduced the substitution into 1 0 the repaired bla (Fig 7C) , resulted in an increased recovery rate, which is even higher
than that of the wild-type ssRNA (Fig 7B) , suggesting that mismatch repair and/or 1 2
RNA editing might be involved in the repair. The molecular mechanisms for the repair of DNA damage and point mutations 1 6
have been well studied [15] , however, so far no mechanism specifically designed for 1 7
the repair of frameshift mutations has been discovered. This NMGE mechanism not 1 8
only well explains our observations but is supported by many previous studies.
9
When a frameshift mutation occurs in a protein-coding gene in a cell, by NMGE, use an edited mRNA to direct the gene repair. This is very surprising, but in fact it is 2 2 more reasonable than direct gene editing: to repair a frameshifted coding gene, it must 2 3 be transcribed and recognized by RNA surveillance, because in principle a frameshift 2 4
mutation cannot be recognized at the genomic-DNA level; therefore, the transcripts 2 5
(nonsense mRNAs) must be functionalized through RNA editing prior to directing the 2 6
repair of their own coding gene.
7
To repair a frameshifted gene by NMGE, as shown in, there exist two possible 2 8 strategies ( Fig 3B) : (1) direct NMGE: use an original nonsense mRNA to identify the to the direct strategy, the indirect NMGE is more reasonable and more efficient, as the 6 gene repair happens only when a functional mRNA has been obtained. in RNA surveillance and processing [70] .
Deamination is the removal of an amine group from a molecule. Enzymes that deoxyinosine from deoxyadenosine, create missense mutations predisposing humans 1 7
to cancer and interfere with other basic molecular genetic processes. Cytidine site-specific cytidine deamination introduces a stop codon (UAA) into the reading 2 5
frame of the edited transcript, leading to production of the shortened isoform, apoB48.
6
This occurs exclusively in the human small intestine, where apoB48 is required for 2 7
the absorption of dietary lipid [74] . At present, it has been well known that RNA and the cytidine deaminase and the mismatch repair genes were both upregulated in 1 8
the frameshift mutant and revertant tested. We therefore speculate that both mismatch 1 9
repair and RNA editing are involved in frameshift repair. the introduction or correction of specific mutations [84, 85] , which can potentially be 1 1 used in gene therapy to repair a disease-causing frameshift/point mutation. However,
RNA-guided genome editing requires the transfection of foreign genes in the host cell. 60] could be more favorable in human and animal due to its non-transgenic properties.
5
Unfortunately, however, it suffered from inefficiency and uncertainty because it relies 1 6 on the induction of the endogenous DNA repair system while it is suppressed by the are probably highly conserved from bacteria to human, so it is potentially useful for 2 6
targeted gene and genome editing using RNA-only molecules without introducing any 2 7
exogenous gene or protein. give suggestions and discussed on the paper. 5
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